
1.  Introduction
The shape of cloud droplet size distributions (DSDs), the effective radius (re), and the liquid water content 
(LWC) are crucial for determining the optical properties of ice-free clouds (Garrett & Zhao, 2006; McFar-
lane & Grabowski, 2007; Slingo & Schrecker, 1982; Stephens, 1978). These low-level clouds, such as shallow 
boundary layer clouds (e.g., subtropical stratocumulus and trade-wind cumulus) have significant impacts 
on the radiation budget and climate change (Bony & Dufresne, 2005). While most past studies have focused 
on re and LWC, the relative dispersion (ε), defined as the ratio of the standard deviation of the droplet size 
distribution (σ) to the number mean radius (rm), represents another DSD parameter which is of great impor-
tance to estimate the indirect aerosol effect on the climate system (Peng & Lohmann, 2003).

Abstract  The characteristics of cloud droplet size distributions and statistical relations of the relative 
dispersion (ε) with the vertical velocity (w) and with the interstitial aerosol concentration (Nia) are 
investigated for ubiquitous supercooled shallow stratocumulus observed over the Southern Ocean (SO) 
using aircraft measurements obtained during the Southern Ocean Cloud Radiation Aerosol Transport 
Experimental Study. Distinct vertical variations have been found using 36 non-precipitating cloud profiles. 
The cloud droplet effective radius (re) increases nearly monotonically from 5.3 ± 1.9 μm at cloud base 
to 9.4 ± 2.2 μm at cloud top. The ε decreases rapidly from cloud base (0.42 ± 0.13) and then remains 
relatively constant in the upper cloud layer (0.27 ± 0.09). This study also shows robust dependence of 
ε on both Nia and w. The ε increases (decreases) with increasing Nia (w) at a 95% confidence level when 
values of w (low Nia) are restricted to a small range. The important roles of aerosols and dynamics on ε are 
demonstrated and are crucial to estimating aerosol indirect radiative forcing, especially for pristine SO 
regions where models almost universally underestimate reflected radiation.

Plain Language Summary  For numerical studies of aerosol cloud interactions, 
parameterizations are not always well suited because the basis of the relationship between the droplet 
concentration (modified by aerosols and cloud dynamics) and cloud radiative properties cannot be 
easily observed and characterized due to many interfering effects such as the cloud droplet activation 
process, mixing, entrainment, and drizzle scavenging. In this study, droplet size distributions (DSDs) are 
characterized and their relations to interstitial aerosol concentration (Nia) and vertical velocity (w) are 
isolated using in situ aircraft observations for shallow stratocumulus over the pristine Southern Ocean 
(SO). The relative dispersion (ε) increases (decreases) with increasing Nia (w) when nearly excluding the 
cloud dynamic (aerosol loading) effect. This work will be particularly useful in the development of robust 
parameterizations of DSD properties and their interaction with aerosols for shallow ice-free clouds over 
the SO.
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The dependence of cloud microphysical properties on environmental conditions can be investigated 
using optical probes capable of measuring DSDs (e.g., Burnet & Brenguier, 2007; Dong et al., 2020; Mc-
Farquhar, Zhang, et al., 2007; Y. Yang et al., 2019; Zhao et al., 2019) installed on aircraft. Using such 
in situ data, ε, re, and LWC can be derived from the DSDs (Heymsfield & McFarquhar, 2001; Martin 
et al., 1994; Stephens & Platt, 1987; Zhao et al., 2012). For instance, Arabas et al. (2009) found that ε, 
re, and droplet spectral width in the lowest few hundred meters above the base of shallow tropical cu-
muli are similar to those found in stratocumulus clouds. But, those in the upper half of the cloud field 
depth are substantially larger than those in stratocumulus. Nearly constant re values with large LWC 
fluctuations have been found in the upper parts of some non-precipitating convective clouds (Khain 
et al., 2013; Paluch & Knight, 1984). Other in situ observations and model simulations have shown that 
broadening mean spectral widths (i.e., the standard deviation of DSDs, σ) with height above cloud base 
lead to variations of re (Brenguier, 1998; Pinsky et al., 2014; Warner, 1969, 1973; F. Yang et al., 2018). 
However, despite these studies, the mechanisms leading to the variability of re are still not well under-
stood (Magaritz-Ronen et al., 2016).

On the other hand, diffusion growth theory has predicted a positive correlation between ε and cloud 
droplet number concentration (Nd) (Liu & Daum,  2002; Yum & Hudson,  2005). While many studies 
(e.g., Desai et al., 2019; Liu et al., 2006; C. Lu et al., 2012; Pawlowska et al., 2006; J. Wang et al., 2009) 
have shown a negative correlation, some in situ measurements have shown neutral or unclear correla-
tions between ε and Nd (Zhao et al., 2006). Using three dimensional large-eddy simulations of marine 
stratocumulus, M. L. Lu and Seinfeld (2006) found a decrease of ε with increasing aerosol number con-
centration due to the presence of smaller droplets associated with the higher aerosol concentrations. 
Recent studies by Chen et al. (2016, 2018) using an adiabatic parcel model revealed the joint depend-
ence of relative dispersion on the aerosol concentration and vertical velocity. Thus, explanations for the 
relation between ε and Nd in marine stratocumulus must include the effects of both aerosol variations 
and dynamical conditions (Hudson & Yum, 1997; Peng et al., 2007). In addition, it is plausible that the 
presence of enhanced aerosol loading impacts the cloud dynamics (e.g., Koren et al., 2005). There is no 
consensus among the studies discussed above on the relative importance of these effects, and the few 
observational studies have been unable to distinguish between them. Thus, more observations of ma-
rine stratocumulus are necessary, especially in pristine regions, to investigate how ε varies with updraft 
velocity and aerosol loading, and to provide complementary observations for evaluating model simula-
tions (Pawlowska et al., 2000).

The Southern Ocean (SO) is a region as close to pre-industrial conditions as exists on Earth (Seinfeld 
et al., 2016). Although retrievals of large amounts of supercooled liquid water (SLW) in clouds over the 
SO have been noted (Haynes et al., 2011; Hu et al., 2009; Huang et al., 2012, 2015; Z. Wang et al., 2019), 
in-situ observations of DSDs in supercooled clouds over the SO are scarce. Thus, processes contributing 
to the formation and dissipation of liquid water and ice particles over the SO are not well understood, and 
consequently, clouds over the SO are poorly represented in global climate models and reanalysis products 
(Naud et al., 2014; Trenberth & Fasullo, 2010). Models almost universally underestimate sunlight reflected 
by near surface cloud possibly due to difficulties in representing pervasive supercooled and mixed-phase 
boundary layer clouds (Bodas-Salcedo et al., 2016; Ceppi et al., 2014; Huang et al., 2015). To acquire an 
improved process-based understanding of what controls the variations of ε over the SO, it is important to 
characterize the microphysical properties of DSDs and the environmental properties where they occur (e.g., 
aerosol concentration and updraft velocity).

In this study, the vertical variations of characteristics of the DSDs (i.e., re, ε, Nd) are presented and the 
variation of ε with aerosol loading and vertical velocity (w) is analyzed and discussed for the prevalent 
SLW non-precipitating stratocumulus clouds observed over the SO during the Southern Ocean Clouds 
Radiation Aerosol Transport Experimental Study (SOCRATES, McFarquhar et  al.,  2021). SOCRATES 
was conducted in the region between Hobart, Australia and 62°S, and from 134°E to 163°E. The data 
acquired during SOCRATES and how they were processed are described in Section 2. The variations of 
the DSDs and the statistical analyses of the relations of ε with aerosol loading and vertical velocity are 
discussed in Section 3. The significance of the findings and principal conclusions are summarized in 
Section 4.
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2.  Data and Methods
The data used here were collected during SOCRATES with different instruments onboard the National 
Science Foundation (NSF)/National Center for Atmospheric Research (NCAR) Gulfstream V (GV) aircraft, 
including a suite of in-situ cloud probes. All these data were collected during 15 research flights which took 
place between January 15, and February 24, 2018.

2.1.  Data

The cloud particle size distribution functions (N(D)) were measured by a Cloud Droplet Probe (CDP) 
for particles with maximum dimensions (D) between 2 and 50  μm, and a 2D-Stereo probe (2DS) nom-
inally sizing particles with D between 10 and 1,280 μm. The 2DS data (Wu & McFarquhar,  2016, 2019) 
were processed using the University of Illinois/Oklahoma Optical Array Probe Processing Software (UI-
OOPS, McFarquhar et al., 2017, 2018). UIOOPS includes corrections for out of focus particles following 
Korolev  (2007), and reconstructions for particles whose center is inside the photodiode array following 
Heymsfield and Parrish  (1978). All particles with inter-arrival times below a time varying threshold are 
assumed to be shattered artifacts and hence are eliminated (Field et al., 2006). Given the large uncertainties 
(up to more than 100%) in the probe's depth of field for small size particles (Baumgardner & Korolev, 1997), 
particles with D < 50 μm for the 2DS were not included in the analysis. Numerous morphological proper-
ties were determined for individual particles such as D, projected area, and perimeter, with particle habit 
identified following the modifications to Holroyd (1987) introduced in UIOOPS. In addition, angular light 
scattering measurements (Schnaiter, 2018; Schnaiter et al., 2018) acquired by the Particle Habit Imaging 
and Polar Scattering probe (PHIPS, Abdelmonem et al., 2016) were used to discriminate ice particles from 
droplets. Note that using high time resolution data better characterizes the small-scale cloud structure, but 
increases the statistical uncertainties due to fewer numbers of particle counts. A longer averaging period 
gets a more statistically significant measurement (e.g., McFarquhar, Timlin, et al., 2007). In this study, the 
number concentration and N(D) represent one second averages due to the large horizontal variability noted 
by Y. Wang et al. (2020) even though the statistical uncertainty is larger than that associated with 5 or 10 s 
averages commonly used for in situ studies.

Considering all the uncertainty sources for CDP measurements (e.g., Mie ambiguity, coincidence, col-
lection angles, etc.), the average uncertainty in sizing and concentration is ∼30% and ∼20%, respectively 
(Baumgardner et al., 2017). For the 2DS measurements, the uncertainty in sizing and concentration, with 
the corrections made using UIOOPS, is a maximum of respectively ∼20% (∼50%) and ∼50% (∼100%) for 
particles with D > 100 μm (D < 100 μm) (Baumgardner et al., 2017). The smaller the particle, the greater 
the uncertainty in the concentration from a photodiode probe (Baumgardner & Korolev, 1997), such as the 
2DS. Note that the standard deviation and dispersion were calculated from the CDP measurements which 
defines the DSD with 3 < D < 50 μm. The N(D) for 50 < D < 100 μm measured by the 2DS was not included 
in the calculation of the standard deviation and dispersion because the uncertainties for N(D) in this size 
range from the 2DS are much larger than those from the CDP. But, in any event, N(D) for 50 < D < 100 μm 
are sufficiently small that their inclusion would have resulted in little changes to the relative dispersion 
value (<3% for all cases). Thus, uncertainties from the 2DS were not included in the DSD uncertainty. 
Given the average uncertainty in sizing and concentration of ∼30% and ∼20% in the CDP, uncertainties in 
the standard deviation and relative dispersion of DSD are ∼14% and ∼25%, respectively, using root-sum-
squared error propagation.

The aerosol size distribution (N(Dp) = dN/dlogDp) was measured by a wing pod-mounted Ultra High Sensi-
tivity Aerosol Spectrometer (UHSAS) for particle optical diameter (Dp) between 0.06 and 1 μm. The UHSAS 
has a collection efficiency of ∼100% for Dp > 100 nm and concentrations below 3,000 cm−3 (Cai et al., 2008). 
To avoid sample flow issues related to pressure variations during aircraft altitude changes, the routings of 
the tubing for pump, sheath flow and exhaust were modified for better performance during altitude profiles, 
and volume flow controllers were used to maintain constant volumetric sheath flows. With the above modi-
fications, the UHSAS instrument is capable of making accurate (ranging from 7% for Dp < 0.07 µm to 1% for 
Dp > 0.13 µm for sizing), precise (<±1.2% for number counting), and continuous (1 Hz) measurements of 
size-resolved particle number concentration at ambient pressures from 225 to 1,013 hPa (Kupc et al., 2018).
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In this study, particles with Dp between 0.06 and 0.5 μm measured by the UHSAS inside the clouds were 
assumed to be interstitial aerosol particles following J. Wang et al. (2009). The interstitial aerosol concentra-
tion (Nia hereafter) was used to define the aerosol loading levels. Because the UHSAS inlet is susceptible to 
shattering, only samples in ice-free stratocumulus were used. Even so, residual particles might be counted 
in Nia. Therefore, Nia should be regarded as an upper bound for interstitial aerosol concentrations in this 
study. Figure 1 shows the vertical variations of N(Dp) and Nia below, within and above the cloud layer for 
two penetrations during SOCRATES. The Nia variations behave differently with altitude, either increasing 
or slightly decreasing with height due to different aerosol hygroscopic growth rates and other factors (e.g., 
activation and coagulation) influencing the concentrations with Dp between 0.060 and 0.5 μm. The vertical 
variations of Nia below and within cloud were examined for all cloud penetrations (Figure S1). They show 
good consistency and the difference between them is ∼28 cm−3 on average. Thus, Nia is used as a proxy for 
the level of aerosol loading in this study.

The bulk LWC was measured by a Commonwealth Scientific and Industrial Research Organisation (CSIRO) 
King probe (King et al., 1978) which has a 15% uncertainty (King et al., 1985). The LWC measured by the 
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Figure 1.  Vertical profiles of N(Dp) (a and d), Nia and Nia + Nd (b and e) and relative humidity (RH) with respect to 
water (c and f) for two stratocumulus penetrations. Figures (a–c) were measured at 03:30 on 20180124 (UTC) (Case No. 
13 in Table S1) and Figures (c–f) were measured at 00:59 on 20180208 (UTC) (Case No. 22 in Table S1). The gray shades 
indicate the identified locations of the cloud layer. There are some missing RH values in Figure R3c.
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King probe was compared with that derived from the CDP DSD and shows good consistency (R2 of the lin-
ear fit is 0.95). Therefore, the LWC in this study refers to that measured by the King probe.

The presence of SLW was identified using a Rosemount Icing Detector (RICE), with a voltage change of 
2 mV s−1 indicating SLW at temperatures less than −4 °C (Cober et al., 2001). The RICE could not detect 
the presence of SLW at higher temperatures due to the dynamic heating of the probe (Cober et al., 2001; 
McFarquhar, Zhang, et al., 2007). In this study, SLW was first identified for each second of flight using the 
RICE measurement for temperatures below −4 °C and the 2DS/PHIPS habit information for temperatures 
above −4 °C.

The data from the CDP, King, UHSAS and RICE probes, and all other data sets (e.g., the temperature (T), 
vertical velocity (w) from the radome wind system onboard the aircraft) used in this study were processed 
at the NCAR Research Aviation Facility (RAF) and were included in the product: “Low Rate (1 Hz) Nav-
igation, State Parameter, and Microphysics Flight-Level Data” (UCAR/NCAR-Earth Observing Laborato-
ry, 2018). The net uncertainty in the standard measurement of w is 0.12 m s−1 applies to individual 1-Hz 
measurements and these data are only deemed reliable when the absolute value of the aircraft roll is less 
than 5° for typical profile samplings (Cooper et al., 2016).

2.2.  Method

For the period of all SOCRATES flights, the flight track and image from the forward-looking camera on-
board the aircraft were overlaid on satellite images (e.g., Figure S3) for every 15 min. The corresponding 
altitude-time cross section (e.g., Figure S4) of reflectivity, radial velocity, linear depolarization ratio (LDR) 
and spectral width measured from High-Performance Instrumented Airborne Platform for Environmental 
Research (HIAPER) cloud radar (HCR), and the altitude-time cross section of particle depolarization ratio 
measured from the High Spectral Resolution Lidar (HSRL) were also generated for each 15 min of flight. 
Based on these figures, all time periods during SOCRATES corresponding to ascents and descents through 
closed-cell stratocumulus clouds were identified. Then every stratocumulus cloud profile from these pene-
trations with the presence of SLW was used in the analysis. Cloud profiles in warm clouds with T > 0 were 
also included. Among these flight profiles, most of them were incomplete or contaminated by the coupled 
lower cumulus clouds which were frequently seen beneath the stratocumulus layers over the midlatitude 
ocean regions (Wyant et al., 1997).

A point was determined to be within the cloud if the Nd from the CDP was larger than 10 cm−3 (McFarquhar, 
Zhang, et al., 2007; Zhao et al., 2018). To restrict analysis to clouds without influence from large ice or rain 
precipitating particles, any profile with the presence of ice particles or large rain droplets (D > 200 μm) 
identified by the 2DS/PHIPS was not included in the analysis. Of 51 profiles, 15 (∼30%) were found to have 
precipitation and hence were excluded. Therefore, only several complete profiles without contamination 
from other clouds were included in the statistical analysis after excluding profiles with precipitation. That is 
why many of those 11 flights yielded only one or two such profiles. In the end, a total of 36 shallow stratocu-
mulus profiles was thus used in this study (see Table S1). Within the remaining 36 profiles, 12 of 36 profiles 
(∼33%) had light drizzle with some droplets with 50 < D < 200 μm. But the drizzle droplet concentrations 
(50 < D < 200 μm) obtained from 2DS for these profiles were less than 0.2 cm−3 and hence assumed to be 
non-precipitating following M. L. Lu et al. (2008).

3.  Results and Discussion
3.1.  The Properties of a Stratocumulus Cloud Profile

Figure 2 shows an example of a SLW stratocumulus profile depicting microphysical properties below, with-
in and above the cloud layer at a location around 53.6°S, 137.4°E at 00:12 UTC on January 23, 2018. As 
shown in Figure 2a, the cloud base and top altitudes are at about 2,920 and 3,230 m with temperatures 
around −14.7 °C and −16.7 °C, respectively. An inversion layer exists just above cloud top. In this case, the 
concentration of large droplets (>50 μm) is quite small (0.003 cm−3), and the ratio of LWC calculated from 
this size range to the LWC measured by the King probe is only 0.3%, suggesting negligible impact of these 
particles on LWC. The growth of droplets with height appears within several tens of meters above cloud 
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base (Figure 2b). As shown in Figure 2c, the w in the cloud fluctuates between −1.2 and 0.6 m s−1 with a 
mean and standard deviation of −0.33 and 0.42 m s−1. Though the radial growth rate slows for higher alti-
tudes above cloud base, re and rm synchronously increase with height (Figure 2c) while Nd is near constant 
(∼50 cm−3) with the decrease near cloud top likely due to entrainment. These features are consistent with 
the theoretical predictions of diffusional growth (e.g., Liu et al., 2006). Note that re first decreases around 
cloud base and then begins to monotonically increase at higher altitude.

The adiabatic LWC (LWCad) is derived as a function of cloud temperature, pressure and cloud base following 
Brenguier (1991). The adiabatic fraction (AF, defined as LWC/LWCad) in Figure 2d shows that the measured 
LWC is close to the LWCad at heights around cloud base and decreases gradually at higher altitudes, indicat-
ing that entrainment at cloud top and subsequent dilution and evaporation of cloud droplets are occurring.

For aerosols, on the other hand, N(Dp) in Figure 2e below cloud base is similar to that near cloud base. Sim-
ilar behavior is noted for other cases. However, there are many specific reasons for the different behaviors of 
Nia within the cloud. Although most particles smaller than 0.1 μm might remain unactivated inside cloud, 
aerosol particles too small for UHSAS to initially measure are hydrating and growing in cloud, which would 
allow them to be counted thereby increasing Nia within the cloud, especially for particles with Dp < 0.06 μm. 
These smaller particles account for the considerable amount of the total aerosol concentration. The N(Dp) in 
Figure 1a clearly shows that ∼30% more particles (below 0.1 μm) are in the higher part of cloud. In addition, 
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Figure 2.  A stratocumulus cloud profile measured around 53.6°S, 137.4°E on 00:12 UTC on January 23, 2018 (Case No. 9 in Table S1) for the microphysical 
parameters of (a) Nd and T, (b) N(D) (CDP for D < 50 μm and 2DS for D > 50 μm), (c) w, re and rm, (d) LWC, adiabatic LWC (LWCad) and adiabatic fraction 
(AF = LWC/LWCad), (e) N(Dp) from UHSAS, (f) Nia and Nia + Nd, (g) σ, and (f) ε. The gray shading indicates the location of the cloud layers. The black dashed 
line in (a) represents D = 50 μm.
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cloud drops could be potentially evaporated to form interstitial aerosols. But, deactivation may also occur 
because particles occur in the entrainment mixing or circulation mixing conditions previously noted by J. 
Wang et al. (2009), and hence are exposed to low supersaturation (below the particle equilibrium supersat-
uration). This is consistent with the lower RH (Figure 1c) in the higher part of clouds. The slight decrease 
of Nia at some altitudes is also consistent with the activation, coagulation, and scavenging process. Note also 
that a few large drizzle droplets with D > 50 μm are commonly seen suggesting that the scavenging process 
may play a role in the decrease of Nia with height. Additionally, variation in aerosol sizes and hygroscopic 
properties will affect nucleation which may also contribute to Nia variability Earle et al. (2011). Although it 
is known that these processes together lead to the vertical variation of Nia (Figures 1, 2e, and 2f), there is not 
sufficient information to quantitatively determine the role of each process.

Though re and rm monotonically increase with height, σ varies between approximately 1 and 2 μm (Fig-
ure 2g) and ε decreases rapidly with height from ∼0.5 (at cloud base) to ∼0.2 (100 m above base) and then 
remains relatively constant to cloud top (Figure 2h). This shows good agreement with the simulated con-
densation process (Brenguier, 1991; Khain et al., 2000), which predicts a linear increase of re and a small ε 
variation of 0.15–0.25 around cloud top.

3.2.  Mean Statistics of Stratocumulus Profiles Over the SO

Figure 3 summarizes the profiles of cloud properties averaged over the selected stratocumulus penetrations 
as listed in Table  S1. Following McFarquhar, Zhang, et  al.'s  (2007) analysis of Arctic cloud profiles, the 
altitude in cloud (Zn) has been normalized by setting the cloud base as 0 and cloud top as 1. The averaged 
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Figure 3.  Averaged profiles as a function of normalized cloud depth (Zn) of (a) Nd, (b) Nia, (c) re and rm, (d) LWC, LWCad 
and the mean AF (black dashed line), (e) σ, and (f) ε. The shaded regions indicate one standard deviation. The blue (red) 
error bar represents the mean and standard deviation of Nia with 50–150 m below cloud base (above cloud top).
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cloud base height (depth) and temperature are 1,512 ± 805 m (251 ± 113 m) and −8.4 ± 6.5 °C, respec-
tively. For all cloud profiles analyzed here, the LWC integrated for droplets with D between 50 to 200 μm 
accounts for 0.22% of the LWC from the King probe on average, implying that drizzle makes little contri-
bution to the LWC. The average Nd in the shallow stratocumulus clouds over the SO is 112.8 ± 64.5 cm−3 
with a concentration of 83.1 ± 72.3 cm−3 at cloud base and 99.4 ± 87.1 cm−3 at cloud top (Figure 3a). The 
average Nia (214 ± 169 cm−3) varies little with Zn, with a slight increase from 182 ± 161 cm−3 at cloud base 
to 216 ± 133 cm−3 at cloud top (Figure 3b). As indicated earlier, the consistency of Nia below and within 
cloud makes it a good proxy for the upper bound of aerosol loading and suggests that cloud droplets do not 
interfere substantially with that estimate. Figure 3b shows a peak value around Zn = 0.1, consistent with the 
peak location of Nd near cloud base. This is consistent with the hygroscopic growth of aerosols smaller than 
those measured by the UHSAS being more than offset by activation across all cases. Figures 1a–1c show an 
example that show the results are consistent with more than 100 cm−3 particles being activated near cloud 
base with Nia also increasing especially for Nia with Dp < 0.1 μm near cloud base. Both Nia and Nd increase 
very slightly with altitude, which could be caused by the entrainment of above-cloud air with high Nia (close 
to the Nia below the cloud base), leading to increases in cloud condensation nuclei and the subsequent in-
crease of Nd within cloud top. Both Nia and Nd observed over the SO are much smaller than that over other 
regions (J. Wang et al., 2009; Wood, 2012; Zhao et al., 2006). For example, Nd and Nia observed by J. Wang 
et al. (2009) in the eastern Pacific are about twice those over the SO, indicative of the clean environment 
over the SO.

As shown in Figure 3c, the average re increases nearly monotonically from 5.3 ± 1.9 μm at cloud base to 
9.4 ± 2.2 μm at cloud top. The rm profile synchronously varies with re and is ∼1.2 μm smaller than re on 
average. The LWC (Figure 3d) increases linearly from cloud base and decreases near cloud top with a mean 
LWC of 0.17 ± 0.14 g m−3. The average AF is close to 1 around cloud base and decreases to 0.56 ± 0.41 near 
cloud top, consistent with entrainment, dilution and evaporation occurring near cloud top.

The spectral width (σ, Figure 3e) slightly increases as the droplet spectra broaden with height, which could 
be related to evaporation due to inhomogeneous entrainment-mixing and/or secondary activation of aer-
osol entrained into clouds (e.g., C. Lu et al., 2020; Yeom et al., 2019). This is consistent with the multiple 
peaks in the cloud DSD near 3 µm, and an additional cluster of secondary peaks between 5 and 8 µm near 
cloud top (just below 3,200 m) in Figure 2b. The variation of σ is small on average (∼1.1–2.6 μm), consistent 
with the study of Pawlowska et al. (2006). Figure 3f shows that the averaged ε decreases from 0.42 ± 0.13 
at cloud base to a relatively constant value of 0.27 ± 0.09 at upper heights. These ε values are close to the 
observations for clouds in pristine marine regions (McFarquhar & Heymsfield, 2001; Politovich, 1993), and 
∼0.1–0.2 smaller than those observed in polluted marine and polluted continental regions (e.g., Martin 
et al., 1994; Miles et al., 2000). Combined with the large adiabatic fraction from cloud center to cloud top 
(Figure 3d), this suggests a small difference in ε between near-adiabatic (cloud center) and diluted cloud 
(cloud top) regions and the broadening processes (e.g., inhomogeneous entrainment-mixing and/or sec-
ondary activation) may have little impact on dispersion, consistent with the observations of Pawlowska 
et al. (2006).

3.3.  The Impact of the Nia and w on the Relative Dispersion

To investigate the impacts of vertical velocity and aerosols on the relative dispersion of DSDs, Figure 4a shows 
the relationship of ε with Nd, w, and Nia. For low aerosol loading (Nia < 100 cm−3), the Nd is also < 100 cm−3 
and ε shows a strong negative correlation with Nd. For high aerosol loading (Nia > 300 cm−3), however, the 
Nd > 200 cm−3 and ε shows a positive correlation with Nd. The black line, representing the average ε for each 
Nd bin, clearly shows the relationship between ε and Nd for both low and high aerosol loading conditions. 
The analytical expression in Liu et al.  (2006) theoretically demonstrates that aerosol loading leads to an 
increase of ε (positive correlation) whereas enhanced updrafts lead to smaller ε (negative correlation), both 
of which affect the ε-Nd relation. The negative ε-Nd relation when Nd < 100 cm−3 from Figure 4 is consistent 
with many previous studies (C. Lu et al., 2012; Miles et al., 2000; Peng at al., 2007; Sinclair et al., 2020; J. 
Wang et al., 2009), whereas the positive correlation at higher Nd (e.g., Chen et al., 2018; Liu & Daum, 2002; 
Liu et al., 2006; Peng at al., 2007; Yum & Hudson, 2005) is dominated by the effect of aerosol loading because 
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w over SO stratocumulus is low (nearly 80% of w is between −0.5 and 0.5 m s−1, see also Figure S2). Note 
that Sinclair et al. (2020) used a different technique to remotely measure the cloud droplet size distribution, 
which may offer additional credence to our finding. Figure 4c demonstrates such significant positive ε-Nia 
correlation regardless of the w variations. A previous modeling study (Peng et al., 2007) indicated that the 
positive correlation between ε and Nd due to the aerosol effect was weakened with increasing w, and would 
disappear when w is larger than 0.55 m s−1. Thus, the negative effect of w on ε is not significant due to the 
weak w conditions measured during SOCRATES, leading to a positive ε-Nd relation when Nd > 200 cm−3. 
The combined aerosol and dynamical effects result in a convergence in ε (e.g., Zhao et al., 2006) which is 
implied by the considerable scatter of ε with Nia between 100 and 300 cm−3 in Figure 4a.

In order to determine how the vertical structure varies with other parameters, Figure 5 shows Nd (a, e, i), ε 
(b, f, j), σ (c, g, k), and rm (d, h, l) as a function of Nia for each profile averaged around cloud top (a–d), cloud 
base (e–h), and the entire profile (i–l). The cloud top (cloud base) samples were determined when Zn > 0.8 
(Zn < 0.2). All the parameters show similar trends both in the cloud top and cloud base regions. As to the 
impact of Nia on Nd, it is not surprising to see a more distinct (significant with p < 0.05) linear relationship 
at cloud base, with a higher coefficient of determination (R2) and slope compared to those at cloud top. This 
could be induced by the influence of w around cloud base. On the other hand, other processes (e.g., en-
trainment and evaporation) weaken the relation of Nia to Nd at cloud top. Nevertheless, for the entire cloud 
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Figure 4.  ε as a function of (a) Nd, (b) w, and (c) Nia. (a) and (b) are colored by Nia and (c) by the scatter density (with 
the densest as 1). The solid black line and gray shade area in (a) and (c) show the mean and standard deviation of ε 
in each bin of Nd and Nia. The dashed black lines in (b) represent w = −0.2 m s−1 and w = 0.2 m s−1, respectively. The 
dashed black line in (c) represents the linear fit for the black line and the text shows the linear fit function, R2, and p 
value. Each point represents a 1-s average.
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profile, the effect of Nia on Nd is still evident and significant. Though the w over SO stratocumulus is low 
(Figure S2), it is worth noting that the effect of w is not actually separated out in Figure 5. This could be the 
reason why the variation of Nia can explain 72% (R2) of the Nd variation in Figure 5e.

The relations of ε to Nia around the cloud top and cloud base are similar (Figure 5b, 5f, and 5j) but with lower 
R2 value compared to the effect of Nia on Nd. This shows a dominant impact of Nia on Nd with the weaker 
effect of Nia on ε suggesting the joint dependence of Nia and w on ε as noted by previous studies (Chen 
et al., 2018; C. Lu et al., 2012). Stronger updrafts at cloud base weaken the effect of Nia on ε compared to the 
conditions in cloud top as seen in Figure 5b and 5f. As a whole, the variation of Nia can explain 55% (R2) of 
the ε variation (Figure 5j). The significant positive relation of σ to Nia and the insignificant negative relation 
of rm to Nia show that the effect of Nia on σ dominates the Nia-ε relation.
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Figure 5.  Nd (a, e, i), ε (b, f, j), σ (c, g, k), and rm (d, h, l) as a function of Nia for each profile, with averages computed for 
points around cloud top (a–d), around cloud base (e–h) and entire profile (i–l). The black points and gray lines show the 
mean values and the standard deviations (at both corresponding axis), respectively. For each panel, the solid blue line 
represents the linear fit and the text shows the linear fit function, R2, and p value.
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To further isolate the effect of cloud dynamics from aerosol loading, samples in a small bin of w with −0.2 m 
s−1 < w < 0.2 m s−1 (dashed lines in Figure 4b) were used to investigate the aerosol effect on the relative 
dispersion of DSDs for areas without appreciable updrafts. This small w range was set considering the w 
measurement uncertainties (0.12 m s−1 as discussed in Section 2) to correspond to instances with minimal, 
if any, vertical motion. Figures 6a–6c show the results of how ε varies with Nia using several different small 
bins of w and the entire data set. For the relatively limited range of w, ε shows a significant increase with 
increased aerosol loading, indicating the dominant positive effect of Nia on dispersion when w is small.

Figures 6d–6f show the sensitivity of ε to w for different narrow ranges of Nia. The range of Nia (60–100 cm−3) 
in Figure 6d is set as close to the pristine aerosol loading as possible while including enough samples to be 
considered statistically significant. Figure 6d shows a significant (F-test) decrease of ε with increasing w 
when nearly excluding the effect of aerosols. This negative relation between ε and w becomes weak when 
the aerosol loading is higher, especially when Nia is larger than ∼270 cm−3. These observations over the 
SO for the ε-w relationship under different aerosol conditions are consistent with the simulations of Peng 
et  al.  (2007), indicating approximately equivalent but contrasting effects of vertical velocity and aerosol 
loading on ɛ over this region.

Though the discussions (at the end of Section 3.2) offer an insight as to why a small difference in ε between 
near-adiabatic (cloud center) and diluted cloud (cloud top) regions and the broadening processes (e.g., in-
homogeneous entrainment-mixing and/or secondary activation) may have little impact on dispersion, fur-
ther analyses discussed below tries to exclude these influencing factors. Because the decrease of adiabatic 
fraction with height suggests that other dynamic processes such as entrainment and evaporation around 
cloud top are much stronger than near the cloud base, samples near cloud base region are analyzed to 
limit factors other than vertical velocity to investigate effects of Nia (or w) on ɛ. It is not surprising that Fig-
ures 7a–7c shows similar results on how ε varies with Nia as in Figures 6a–6c as there is a limited range of w 
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Figure 6.  ε as a function of Nia for w ranges of (a) −0.6 m s−1 < w < −0.3 m s−1, (b) −0.2 m s−1 < w < 0.2 m 
s−1 and (c) 0.3 m s−1 < w < 0.6 m s−1 and ε as a function of w for Nia ranges of (d) 60 cm−3 < Nia < 100 cm−3, (e) 
170 cm−3 < Nia < 230 cm−3, and (f) 270 cm−3 < Nia < 350 cm−3. All the samples were included (0 < Zn < 1). The blue 
lines and shaded regions indicate the mean and one standard deviation. The black dashed lines represent the linear 
fits and the text in each box shows the linear fit function, R2, p value, and the relative percentage (n) of each subsample 
size.
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in each panel. Figures 7d–7f show the relations of ε to w near cloud base for different Nia ranges of 60–100, 
170–230, and 270–350 cm−3, respectively. For low aerosol loading (Nia < 100 cm−3), it is evident that the 
relative “net” effect of w on ε is significantly negative with higher R2 and slope compared to the entire cloud 
profile averaged condition shown in Figure 6d. When aerosol loading increases, this negative relationship 
becomes weaker. Furthermore, cloud top samples (figure not shown) are consistent with the interpretation 
of a minor influence of inhomogeneous entrainment-mixing and/or secondary activation on the dispersion. 
M. L. Lu and Seinfeld (2006) also found that the effect of entrainment mixing on dispersion is not significant 
using model simulations.

To summarize, the previously noted dependence of ε on w has been confirmed over the pristine SO, but the 
decreasing rate shown here is slightly higher than the value observed by Berg et al. (2011) over polluted land 
areas. The magnitude of the change of ε to Nia is comparable to that of ε to w, suggesting a strong sensitivity 
of ε to aerosol concentrations in this pristine environment. This might explain why a distinct positive ε rela-
tion to aerosols exists over the pristine SO while no discernable aerosol effects on ε were observed in other 
regions (e.g., M. L. Lu et al., 2008; Zhao et al., 2006).

4.  Conclusions
Ubiquitous supercooled liquid stratocumuli were observed over the Southern Ocean (SO) during SOCRATES 
using in-situ aircraft measurements. The characteristics of the DSDs and the statistical relations of relative 
dispersion (ε) with vertical velocity (w) and interstitial aerosol concentration (Nia) were investigated using 
36 non-precipitating stratocumulus profiles. The average cloud droplet effective radius (re) increased nearly 
monotonically from 5.3 ± 1.9 μm at cloud base to 9.4 ± 2.2 μm at cloud top with Nd remaining relatively 
constant. The ε decreased rapidly from cloud base (with the mean of 0.42 ± 0.13) and remained relative-
ly constant from near-adiabatic (cloud center) to diluted cloud (cloud top) regions with a mean value of 
0.27 ± 0.09. The vertical structure of cloud properties found here for stratocumulus clouds in the pristine 
SO environment, provides useful information for parameterizations of supercooled DSDs in stratocumulus 
and the estimation of aerosol indirect effects over the pristine SO.

The ε increases (decreases) with increasing Nia (w) for a small range of w (low Nia) at a 95% confidence level. 
Although numerous factors contribute to the DSDs properties, this study demonstrates the importance of 
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Figure 7.  As in Figure 6 but for samples measured near cloud base (Zn < 0.2).
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the roles of aerosol and cloud dynamics on ε, which is crucial to the estimation of aerosol indirect radiative 
forcing, especially for the pristine SO regions, where models almost universally underestimate the reflected 
radiation. This work will be particularly useful in a physical understanding that ultimately be helpful for 
parameterization development and their interaction with aerosols and updrafts for shallow ice-free strato-
cumulus in the future.

Data Availability Statement
The data were collected using NSF's Lower Atmosphere Observing Facilities, which are managed and op-
erated by NCAR's Earth Observing Laboratory. The NSF SOCRATES campaign data set is publicly available 
and can be accessed at http://www.eol.ucar.edu/field_projects/socrates.
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